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(54) Thin piezoelectric film element, process for the preparation thereof and ink jet recording 
head using thin piezoelectric film element 



(57) The present invention provides a thin piezoe- 
lectric film having a high piezoelectric strain constant 
and a good adhesion with a lower electrode which can 
be produced without being cracked. The present inven- 
tion also provides an ink jet recording head comprising 
this thin piezoelectric film as a vibrator. The thin piezoe- 
lectric film element of the present invention comprises a 
PZTfilm 14 made of a polycrystalline substance, and an 
upper electrode 16 and a lower electrode 12 arranged 
with the PZT film interposed therebetween. The grain 
boundary of the crystalline constituting the PZT film is 
present almost perpendicular to the surface of the elec- 
trode. Further, the orientation of the crystalline consti- 
tuting the PZT film is controlled to a desired range. 
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Description 

FIELD OF TH E INVENTION 

5 i«. The PreSe !? invention relates t0 a «" f »™ type Piezoelectric element which transduces electric energy to mechan- 
£ lES^STS- ^ ?H e20eleC,riC 9,ement ^ US6d 38 a pressure sensor ' temperate s^ letter 

2 ^^2222^ ^ ? 6 ^ e Pr6Sent inVenfon alS ° re,ateS to Such an ink i* reco,dina head - M °'e Particularly, 
the present invention relates to a process for the preparation of the thin piezoelectric film element 

W BACKGROUND OF THE IMVFNJPN 

of a 'ZlSff re f° rdin9 ^ adS ' *" Vtorator WhiCh acts as a drivina for injecting an ink is composed 
^iTS^Z^Tj^T- ^ Die20e,ec,ric « m "ormaBy comprises a l£in piezoeleTc Sn 

as "5r% th J2 f 62061601 ^ film is normal| y ° f a ^nary system having lead zircotitanate (hereinafter abbreviated 

ratJSPr^ ^"r^Tl 0 ' V - ?* SySt6m C ° mpri5ing 1,16 ^ ■y* m havin 9 a «W component fcSpS 
™ 55 , ^ th ' n P ,e20e,ec t"C fllm havinfl such a composition may be formed. e.g., by sputtering method sol^el 
method, laser abrasion method, CVD method or the like. Peering meuioa, soi-gei 

pag ^ fe 7 6 ° 1 e,e 1 a ^ material COmprisin 9 a binarv PZT disclosed in "Allied Physics Letters". 1991, Vol. 58, No. 11, 

Further. JP-A-6-40035 (The term "JP-A" as used herein means an "unexamined published Japanese patent aooli- 
cabon") and "Journal of The American Ceramic Society". 1973. Vol. 56. No. 2, pages 91 - SSS^SSSSSo 
matenal comprising a binary PZT. uiwrose a piezoelectric 

ln Jl^ff 3 P iezoelectr ' ,c f i,m element is applied to an ink jet recording head. H is preferred that a thin 

KnX^ 

hi„h£ SfH^'i 18 r6 ^ r ! edly necessary *■* PZTfilm be subjected to heat treatment at a temperature of 700'C or 
nSnil^i^S-^^ 1 9ramS n * he P'^electricfibn to grow in order to obtain a thin piezoelectric film having a 
S1™°k L Stra ' n . COnSta r t - * the material constitutin 9 the 'ower electrode in the thin piezoelectric mSm 
there may bemused an electrically-conductive material such as platinum, titanium, gold and nickel 

the ittlTl T'^ STS 9rainS Gorman 0 a Piezoelectric material. This patent discloses a process for 

££££££ .2T ^"f; f,lm f ich comprises ^'y' 09 a precursor 50,1,60,1 of Iead . 

Zircotrtanate to a P |atinum which is oriented in (111) plane, characterized in that the 

S ° ,Ut0n iS fol,0Wed by heat treatment at a temperature of from 150»C to 550'C "wnere a 

~ rsa; sszszsz * in f ilm is preferentia,,y orie ^ atona — * - as 

• ^ a ^ n0r art tecnnic l ue concerning the present invention there is proposed a process for the preparation of a bulk 
piezoelectric ceramic as disclosed in JP-A-3-232755. As disclosed in SL reference, it is saw ftS7££i5* 
ceramic having a higher density exhibits better piezoelectric characteristics Isoelectric 
of a k^V™" 50 " 1 45899 disc,oses 30 exarnple of the application of a bulk piezoelectric ceramic in the generation 
U fr^^T 35 'T S f PParatUS ™ S PatSnt dSSCribeS that a Pie^electric ceramic having pores having a cS 
of from 4 to 1 0 jxm uniformly dispersed therein and having a specific gravity of from 90% to 93% based on Se truJSe 
cific gravity exhibits a percent discharge rate of 100%. ^ 

5.265.SS Venti0nal ^ reCOrdin9 h6ad COmprisin9 a *** Piezoelectric film element is proposed in, e.g.. U.S. Patent 

ariJs tlfZ-^Z thin P'e^electric film (PZT film) having a thickness of not less than 1 m is formed, a problem 
ansae that when the foregoing heat treatment is effected to obtain the foregoing high piezoelectric strain constarrt 
St^wi n h T r tfie I**, d . eSCriDed " JP " A " 3-232755 ' « is considered toat a bulk ceramic S^^SSJS 
SS.SSEiSr.S!^ electnc characteristics. However, in order to make a good application of a film having a ve^ 
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0.5 to 25 T . When a piezoelectric film having this thickness 

mg g H thin f„ms are laminated to avoid cracking, it requires a prolonged production proci whi^^aH^ut 

.^* 8r ' an aPProach tor raising the thickness of the piezoelectric film by repeating a process which comprises 
SK^Z* t0 J SUbStrat6 ' and ^ serial at a high te^peratureTdislfo^ 

zo^cm^JllT 1 f 965 : 28 l However ' * is « disadvantageous in that the resulting thin 0e" 

zoelectnc film not only has a laminated interface that makes it impossible to provide good piezoelectric characterise 
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but also exhibits a deteriorated workability. 

In general, a thin piezoelectric film is formed on a metal film which has been formed as a lower electrode on a sub- 
strate. However, a problem arises that the heat treatment effected during the formation of this thin piezoelectric film 
causes the substrate to be warped or distorted. Further, it is necessary that a good adhesion be established between 
s the lower electrode and the thin piezoelectric film. 

JP-A-50-1 45899 discloses a piezoelectric element comprising a bulk ceramic suitable for the generation of a high 
voltage. However, this differs in purpose from the present invention, which concerns a thin piezoelectric film element 
which can be applied to an ink jet recording head. 

U.S. Patent 5,265,315 discloses an ink jet recording head similarly to the present invention. However, this patent 
io has no reference to the pores in PZT as piezoelectric film or the density thereof. Further, the proposed process for the 
preparation of the piezoelectric film comprises the use of sal-gel method and thus requires the lamination of a plurality 
of layers and a heat treatment process. Therefore, this proposal is industrially unsuitable. 

In the above cited JP-A-6-116095, the orientation by X-ray diffraction wide angle method, i.e., orientation in the 
plane along the surface of the substrate is discussed However, X-ray diffractometry of thin film is not discussed. 
is Further, if a piezoelectric element is used as an actuator for ink jet recording apparatus, etc., good piezoelectric 
characteristics are required. However, the relationship between crystal orientation and piezoelectric characteristics is 
not disclosed in JP-A-6-1 1 6095 

SUMMARY OF THE INVENTION 

20 

It is therefore an object of the present invention to provide a thin piezoelectric film element having improved piezo- 
electric characteristics and a process for the preparation thereof. 

It is another object of the present invention to provide a thin piezoelectric f am element having a high piezoelectric 
strain constant. 

25 It is other object of the present invention to provide a thin piezoelectric film element which can be prepared to have 
a necessary thickness without being cracked. 

It is still other object of the present invention to provide a process for the preparation of a thin piezoelectric film ele- 
ment which can provide a thin piezoelectric film element comprising a thin piezoelectric film having a necessary thick- 
ness at a single process without causing cracking. 
30 It is further object of the present invention to provide a piezoelectric element comprising a thin piezoelectric film 
having a good adhesion with a lower electrode. 

It is further object of the present invention to provide an ink jet recording head comprising such a thin piezoelectric 
film element which can provide high precision printing. 

These and other objects of the present invention will become more apparent from the following detailed description 
35 and examples. 

The present invention can accomplish the foregoing objects and concerns a novel improved thin piezoelectric film 
element. The present invention provides a thin piezoelectric film element comprising a metal film formed on a substrate 
and a thin PZT film comprising lead zircotitanate having a third component incorporated therein formed on said metal 
film, wherein said thin PZT film has a rhombohedral crystalline structure which has (100) orientation of not less than 
40 30% as determined by X-ray diffractometry of thin film, thereby enhancing the piezoelectric characteristics of said thin 
piezoelectric film element. 

The foregoing orientation can be accomplished with an arrangement such that the annealing temperature of thin 
PZT film is from higher than 750°C to lower than 1 ,000°C, preferably from not lower than 800°C to not higher than 
1 ,000°C, and the molar ratio of Zr/Ti is preferably from not less than 35/45 to not more than 45/35. 
45 More preferably, the crystalline structure of the thin piezoelectric film element is further improved. The present 
invention further provides a thin piezoelectric film element comprising a piezoelectric film made of a polycrystalline sub- 
stance and an upper electrode and a lower electrode arranged with the piezoelectric film interposed therebetween, 
wherein the crystalline constituting the piezoelectric film, i.e. , the crystal grain boundary, is formed almost perpendicular 
to the surface of the electrodes. 

so 

BRIEF DESCRIPTION OF THE DRAWINGS 

By way of example and to make the description more clear, reference is made to the accompanying drawings in 
which: 

55 

Fig. 1 is a schematic perspective view of a thin piezoelectric film element of the present invention which is used as 
an actuator (ink jet recording head) ; 

Fig. 2 is a detailed sectional view of the thin piezoelectric film element of Fig. 1 ; 

Fig. 3 is a characteristic view illustrating X-ray diffraction pattern of a thin PZT film annealed at 900°C; 
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Fig. 4 is a characteristic view illustrating X-ray diffraction pattern of a thin PZTfilm annealed at 750°C; 
Fig- 5 (A) is a scanning electron microscope (SEM) photograph of a section of a PZTfilm made of a columnar crys- 
tal constituting a thin piezoelectric film element of the present invention; 
Fig. 5 (B) is a scanning electron microscope photograph of the plane of the PZT film; 

Fig. 6 (a) to (c) are sectional views illustrating various steps in the process for the preparation of the thin piezoelec- 
tric film element of Fig. 5; 

Fig. 7 is a characteristic view illustrating the composition of the thin piezoelectric film element of Fig. 5; 
Fig. 8 is a scanning electron microscope photograph of a section of a PZT film constituting Comparison 1 ; 
Fig. 9 is a scanning electron microscope photograph of the plane of the PZT film of Fig. 8; 
Fig. 1 0 is a scanning electron microscope photograph of a section of a lower electrode made of a columnar crystal 
constituting a thin piezoelectric film element; 

Fig. 1 1 is a scanning electron microscope photograph of a section of a lower electrode constituting Comparison- 
Fig. 12 is an enlarged sectional view of the dotted area of Fig. 1 ; 

Fig. 13 is a perspective view of a thin piezoelectric film element o* the present invention which is used as a bimoroh 
is type actuator; 

Fig. 14 is a sectional view of a thin piezoelectric film element of the present invention which is used in an ink iet 
recording apparatus; and 

Fig. 15 is a diagram illustrating the region of the composition represented by the general formula (I) shown below. 
*> DETAILED D ESCRIPTION OF THE INVENTION 

In a preferred embodiment of the thin piezoelectric film element, the crystalline structure of the piezoelectric film is 
a rhombohedral system which is strongly oriented in either or both of (1 1 1) plane and (100) plane. 

The crystalline structure of the piezoelectric film may be a tetragonal system which is strongly oriented in (001) 
25 plane. * 1 

A higher piezoelectric strain constant can be obtained by an arrangement such that the vertical width of the crystal 
grains is greater than the horizontal width of the crystal grains. Preferably the relationship between the vertical width 
and the horizontal width of the crystal grains is from not less than 1/10 to not more than 1/3 as calculated in terms of 
the ratio of horizontal width to vertical width. 



30 



Preferably, the lower electrode is made of a compound of platinum with an oxide of the metal element constituting 
the piezoelectric film. In this arrangement, the adhesion between the piezoelectric film and the lower electrode can be 
enhanced. The foregoing oxide comprises at least one selected from the group consisting of titanium oxide lead oxide 
zirconium oxide, magnesium oxide and niobium oxide. 

More preferably, the grain boundary of the crystalline constituting the lower electrode is formed almost perpendic- 
35 ular to the surface of the electrodes. The vertical width of the crystal grains of the crystalline constituting the lower elec- 
trode is greater than the horizontal width of the crystal grains. Further, the relationship between the vertical width and 
the horizontal width of the crystal grains of the crystalline constituting the lower electrode is from not less than 1/10 to 
not more than 1/3 as calculated in terms of the ratio of horizontal width to vertical width. In this arrangement, the sub- 
strate can be prevented from being warped or bent when subjected to heat treatment during the formation of the oiezo- 
40 electric film. ~ 

^ The thin PZT film may be formed by sol-gel method or sputtering method. The piezoelectric film is made of a binary 

PZT or a tertiary PZT comprising the binary PZT having a third component incorporated therein. As the third compo- 
nent of thin PZT film there may be used, e.g., lead magnesium niobate if sol-gel method is used.ln the thin PZT film 
comprising lead magnesium niobate as a third component, x in PbCMg^Nb^o 2 Zr x Ti 0 Sx 0 3 is preferably from 0.35 to 

45 0.45. 

The present invention further provides a thin piezoelectric film element comprising a piezoelectric film made of a 
polycrystalline substance having a thickness of from 0.5 to 25 \xm and two electrodes arranged wfth said piezoelectric 
film interposed therebetween, wherein said piezoelectric film has pores incorporated therein and said pores have an 
average diameter of not less than 0.01 p,m and a surface density of not less than 0.3%, thereby preventing the thin pie- 
zoelectric film element from being cracked. Preferably, the pores have an average diameter of not more than 0 1 ^m 
and a surface density of not more than 5%. These pores can be formed, e.g., when organic materials are evaporated 
away from the sol composition from which the thin PZT film is prepared during the gelation and heat treatment of the 
sol composition. In the case where the thin PZT film is formed by sputtering, these pores can be formed e g by con- 
trolling the heating conditions described later and other conditions. 

The present invention further provides a process for the preparation of a piezoelectric film element which com- 
prises forming a thin PZT film comprising lead zircotitanate having a third component incorporated therein on a sub- 
strate having a metal film formed thereon, characterized in that the heat treatment temperature of said thin PZT film is 
from 800°C to 1 ,000°C if sol-gel method is used. 

As previously mentioned, in order to make the crystalline structure of the thin piezoelectric film element columnar, 
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a PZT precursor is sputtered onto the metal film formed on the substrate in an atmosphere free of oxygen. The compo- 
sition of the PZT target to be used in this sputtering process is composed of Pb2r0 3 , PbTi0 3 and Pb(A g B h )0 3 which 
satisfy the following relationships: 

5 a + b + c= 1, 

0.10 £ a* 0.55, 

0.25 <: b £ 0.55, 

10 

o <; c <: 0.5, 

supposing PbZr0 3 : PbT10 3 : Pb(AgBh)0 3 = a : b : c (molar ratio) wherein A represents a divalent metal selected from 
the group consisting of Mg, Co, Zn, Cd, Mn and Ni or a trivalent metal selected from the group consisting of Y, Fe. Sc, 
75 Yb, Lu, In and Cr; and B represents a perrtavalent metal selected from the group consisting of Nb, Ta and Sb or a hex- 
avalent metal selected from the group consisting of W and Te. with the proviso that if A is a trivalent metal and B is not 
a hexavalent metal or if A is a divalent metal and B is a pentavalent metal, g is 1/3 and h is 2/3; and A and B are pref- 
erably Mg and Nb, respectively. 

Preferably, a, b and c, if represented in mol-%, are present in a region surrounded by A\ B*, C\ D f , E* and F: 

so 

A': (45, 55, 0) 
B': (50, 50, 0) 
C: (25, 25, 50) 
D*: (10, 40. 50) 
25 E': (10, 45, 45) 

P: (35, 45, 20) 

In other words, the PZT film constituting the foregoing piezoelectric film is composed of the foregoing components. 
The present invention further provides an ink jet recording head comprising a substrate having an ink chamber 
30 formed therein, a vibrating plate sealing one end of said ink chamber and having a deflection vibration mode thin pie- 
zoelectric film element fixed on the surface thereof and a nozzle plate sealing the other end of said ink chamber and 
having an ink jetting nozzle port formed therein, characterized in that said thin piezoelectric film element is made of a 
novel and useful thin piezoelectric film element mentioned above. 

The constitution and drawing of the embodiments of the present invention will be described optionally in connection 
35 with the drawings. The embodiments of the present invention will be described with reference to the case where PZT 
film is formed as a piezoelectric film. 

I. Firstly, the structure of an example of the thin piezoelectric film element of the present invention will be described 
in connection with the drawings. The thin piezoelectric film element shown in Fig. 1 comprises a silicon (Si) substrate 
10, a lower electrode (made of. e.g.. Pt) 12, a piezoelectric film (e.g., binary PZT), and an upper electrode (made of, 
40 e.g., Pt) 16. 

Fig. 2 is a sectional view illustrating in more detail the structure of the thin piezoelectric film element. The thin pie- 
zoelectric film element is shown comprising a silicon substrate 1 0, a silicon oxide film 1 1 formed on the silicon substrate, 
a titanium oxide film 1 1 A formed on the silicon oxide film, a lower electrode 12 formed on the titanium oxide film, a PZT 
film (piezoelectric film) formed on the lower electrode, and an upper electrode 16 formed on the PZT film. 
45 In an arrangement such that the lower electrode is made of, e.g. f platinum, the lattice constant of the lower elec- 
trode can be close to that of the PZT film to enhance the adhesion of the lower electrode with the PZT film to be formed 
later. 

EXAMPLE 1 

so 

In Example 1 , platinum was sputtered onto a silicon substrate 10 as a lower electrode 12. Subsequently, a thin pie- 
zoelectric film 14 was formed on the lower electrode 12 by sol-gel method. The sol was prepared as follows, 0.105 mol 
of lead acetate, 0.045 mol of zirconium acetyl acetonate and 0.005 mol of magnesium acetate were dissolved in 30 rx\l 
of acetic acid at a temperature of 100°C. 
55 The sol was then allowed to cool to room temperature. To the sol was then added a solution of 0.040 mol of titanium 
tetraisopropoxide and 0.010 mol of pentaethoxy niobium in 50 xr\£ of ethyl cellosolve. To the sol was then added 30 m£ 
of acetyl acetone so that it was stabilized. To the sol was then added polyethylene glycol in an amount of 30% by weight 
based on the weight of the metal oxide in the sol. The mixture was then thoroughly stirred to make a homogeneous sol. 

The sol thus prepared was then applied to the substrate having a lower electrode formed thereon by means of a 
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spin coater. The material was then calcined at a temperature of 400°C to form a thin amorphous porous gel film. The 
application of the sol and the calcining at a temperature of 400°C were then repeated twice to form a thin porous gel 
film. During the heating, polyethylene glycol was evaporated from the sol to form pores. 

In order to obtain a perovskite crystal, the material was heated to 650°C in an oxygen atmosphere in an RTA (Raid 
Thermal Annealing) furnace in 5 seconds, and then remained at the same temperature for 1 minute so that it was pre- 
annealed to form a thin dense PZT film. 

The sol was again applied to the material by means of a spin coater. The material was then calcined at a temper- 
ature of 4O0*C. This procedure was then repeated twice (thrice in total) to form a laminate at thin amorphous porous 
gel films. The material was pre-annealed at a temperature of 650°C in RTA, and then maintained at the same temper- 
ature for 1 minute to obtain a thin dense crystalline film. The pre-annealing temperature can be predetermined to a 
range at from 400°C to 800°C, preferably from 450°C to 750°C, more preferably from 550°C to 750°C to unite the lam- 
inated thin porous films in a body. 

The material was heated to various temperatures of 750°C, 800°C, 850*C f 900°C, 950°C, 1,000°C and 1,050°C in 
an oxygen atmosphere in RTA, and then maintained at the same temperatures for 1 minute so that it was annealed. As 
a result a thin piezoelectric film 14 having a thickness of 1 .0 \xm was obtained. 

The thin PZT film thus obtained was then subjected to X-ray diffractometry. For this measurement RINT-1400 
(available from Rigalai DenW Co., Ltd.) was used and the angle of incidence of X-ray from a copper valve tube was 
adjusted to 1°. 

Fig. 3 shows an X-ray diffraction pattern of the thin PZT film which had been annealed at a temperature of 900°C. 
Fig. 4 shows an X-ray diffraction pattern of the thin PZT film which had been annealed at a temperature of 750°C. 

All the peaks in the X-ray diffraction pattern shown in Figs. 3 and 4 are reflection peaks of PZT in the perovskte 
structure. This thin PZT film may be rhombohedral or tetragonal. Since the peaks corresponding to (1 00) plane, (110) 
plane, etc. are not separated from each other and together form one sharp peak, this thin PZT film is rhombohedrkl sys- 
tem crystalline structure. 

An aluminum electrode was then evaporated on the thin piezoelectric film. With this arrangement, the piezoelectric 
constant d31 was measured. Table 1 shows the relationship of the annealing temperature with (100) orientation and 
piezoelectric constant d31 . 

The orientation in (1 00) plane (P(1 00)) is represented by the following formula: 

P(100) = l(100)/LI(hW) 

wherein £l(hW) represents the sum of diffraction intensities of PZT as determined at 26 of from 20° to 60° with CuK a- 
ray by X-ray diffractometry. 

However, (200) plane is a crystalline plane equivalent to (100) plane and thus is not included in El(hW). In some 
detail, El(hW) is the sum of the crystalline plane reflection intensities in (100), (110), (111), (210) and (211) planes 
1(100) represents the crystalline plane reflection intensity of PZT in (100) plane. 



Table 1 
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45 



50 



Annealing temp. 


P(100) 


Piezoelectric 
constant d31 


750 °C 


18.7 % 


61 pC/N 


800 °C 


31.5% 


90 pC/N 


850 °C 


55.7% 


132 pC/N 


900 °C 


64.5% 


123 pC/N 


950 °C 


52.0% 


120 pC/N 


1000 °C 


37.3 % 


100 pC/N 


1050 °C 


14.0% 


88 pC/N 
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The greater P(1 00) is. the greater is the piezoelectric constant d31 . The resulting thin piezoelectric film element can 
better act as an actuator. 
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EXAMPLE 2 

Gold was sputtered onto a silicon substrate as a lower electrode. Subsequently, a thin piezoelectric film element 
was formed on the lower electrode by sol-gel method. The sol was prepared as follows. In some detail, 0.105 rnol of 
s lead acetate, 0.030 mo! of zirconium acetyl acetonate and 0.007 mol of magnesium acetate were dissolved in 30 mt of 
acetic acid at a temperature of 100°C. 

The sol was then allowed to cool to room temperature. To the sol was then added a solution of 0.050 mol of titanium 
tetraisopropoxide and 0.013 mol of pentaethoxy niobium in 50 n\£ of ethyl cellosolve. To the sol was then added 30 m/ 
of acetyl acetone so that it was stabilized. To the sol was then added polyethylene glycol in an amount of 30% by weight 
10 based on the metal oxide in the sol. The mixture was then thoroughly stirred to make a homogeneous sol (Zr/Ti = 
30/50). 

Three other sols having different zirconium and titanium compositions were similarly prepared (0.035 mol of zirco- 
nium acetyl acetonate and 0.045 mol of titanium tetraisopropoxide (Zr/Ti = 35/45); 0.040 mol of zirconium acetyl acet- 
onate and 0.040 mol of titanium tetraisopropoxide (Zr/Ti = 40/40); 0.045 mol of zirconium acetyl acetonate and 0.035 
15 mol of titanium tetraisopropoxide (Zr/Ti = 45/35)). 

These sols were then subjected to laminating in the same manner as in Example 1 to prepare thin piezoelectric film 
elements which were then evaluated. Table 2 shows the relationship of Zr/Ti with (100) orientation and piezoelectric 
constant d31. 



Zr/Ti 


P(100) 


Piezoelectric 
constant d31 


30/50 


27.4% 


46pC/N 


35/45 


38.2% 


100 pC/N 


40/40 


66.7% 


128 pC/N 


45/35 


60.6% 


137 pC/N 


50/30 


25.3% 


51 pC/N 



The greater P(100) is, the greater is the piezoelectric constant d31 , as in Example 1 . The resulting thin piezoelectric 
35 film element can better act as an actuator. 

Examples 1 and 2 have been described with reference to the case where the lower electrode is made of Pt or Au. 
However, any other metal such as Au, Pt-lr, Pt-Pd, Pt-Ni and Pt-Ti may be used so far as (100) orientation of thin PZT 
film is not less than 30%. 

Examples 1 and 2 have also been described with reference to the case where lead magnesium niobate is used as 
40 a third component. However, any other material such as lead nickel niobate and lead cobalt niobate may be used so far 
as (100) orientation of thin piezoelectric film element is not less than 30%. Nb, La, Mo, W, Ba, Sr, Bi, etc, may be con- 
tained as impurities. 

II. A piezoelectric element comprising a thin piezoelectric film having crystal grains formed almost perpendicular to 
the surface of electrode will be described. Fig. 5(A) is a scanning electron microscope photograph (SEM) of a section 
45 of the PZT film constituting the thin piezoelectric film element. Fig. 5(B) is a scanning electron microscope photograph 
of the plane of the PZT film shown in Fig. 5(A). 

The PZT film shown in Figs. 1 and 2 is made of a polycrystalline substance. The grain boundary of the crystalline 
exists almost perpendicular to the plane of the upper and lower electrodes as shown in Fig. 5. Shown white in the cen- 
tral portion of Fig. 5 is a PZT film. The PZT film is shown comprising columnar crystal grains extending vertically as 
so viewed on the paper. A lower electrode is shown as a white layer under the PZT film. Si0 2 is shown provided under the 
lower electrode. The grain boundary of crystalline is the border of adjacent crystal grains. The crystal grain is a crystal 
having a perovskite structure while the crystal grain boundary is composed of an amorphous material. 

In the crystalline, the vertical width (Y direction in Fig. 5) of the crystal grains is greater than the horizontal width (X 
direction in Fig 5) of the crystal grains. The relationship between the vertical width and the horizontal width of the crystal 
55 grains is from not less than 1/10 to not more than 1/3 as calculated in terms of the ratio of horizontal width to vertical 
width. 

Further, the crystalline structure of the PZT film is a rhombohedron which is strongly oriented in (1 1 1) plane. The 
term "orientation" as used herein is defined as follows: 
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l(XYZ)/{l(100) + 1(1 10) + 1(1 11)} 

wherein I(XYZ) represents the reflection intensity of (XYZ) plane of PZT as determined by wide angle XRD method 
The relationship between (111) orientation and piezoelectric strain constant is as follows: 



10 



15 



20 



25 



30 



(111) orientation 


Piezoelectric 




strain constant 


50% 


80 pC/N 


70% 


120 pC/N 


90% 


150 pC/N 



In Examples 1 and 2, it was described that (1 00) orientation is preferably 30%. As made obvious herein, when (1 1 1) 
onentabon is not less than 50%, the resulting piezoelectric strain constants are similar to that of Examples 1 and 2 pro- 
viding desired piezoelectric characteristics. ' 

Thepiezoelectric strain constant is proportional to the product of dielectric constant and piezoelectric output coef- 
ficient The dielectnc constant increases as the size of the crystal grains in the direction of electric field application (Y 
direction in Fig. 5) increases. The piezoelectric output coefficient increases as the size of the crystal grains increases 
£ ™**' zontal (X direction in Fig 5) and the width of the crystal grain boundary decreases. For this reason 

the PZT film 1 5 having such a structure shows an enhanced piezoelectric strain constant 

For this reason, the ratio of the horizontal width of the crystal constituting the thin piezoelectric film to the vertical 
width of the crystal constituting the thin piezoelectric film is predetermined to a range of from not less than 1/10 to not 
more than 1/3. preferably from not less than 1/8 to not more than 3/10. more preferably from not less than 1/6 to not 
more than 3/11. 

The PZT film is preferably made of a binary PZT or a tertiary PZT comprising such a binary PZT having a third com- 
ponent incorporated therein as a main component. Specific preferred examples of the binary PZT, if sol-gel method is 
used to form PZT film, include a compound having the composition represented by the following chemical formula: 

Pb(Zr x Tt^0 3 + YPbO 

wherein x is a number of from not less than 0.40 to not more than 0.6; and Y is a number of from not less than 0 to not 
35 more than 0.1. 

An example of the binary PZT film formed by sputtering is a compound having the composition represented by the 
following chemical formula: 



40 



55 



Pb(Zr x n 1o J0 3 + YPb0 

wherein x is a number of from not less than 0.40 to not more than 0.6; and Y is a number of from not less than 0 to not 
more than 0.3. — — - .. -._ 

: "3 

component (preferably lead magnesium riiobate) to the foregoing binary PZT, having the composition represented by 
45 the following general formula: 

PbTbZrafAgB^cOs + ePbO + (fMgO) n (I) 

wherein A represents a divalent metal selected from the group consisting of Mg, Co, Zn, Cd, Mn and Ni or a trivalent 
so metal selected from the group consisting of Y, Fe, Sc, Yb, Lu, In and Cr; B represents a pentavalent metal selected from 
the group consisting of Nb, Ta and Sb or a hexavalent metal selected from the group consisting of W and Te* and a b 
and c, if represented in molar ratio, satisfy the following relationships: 



a + b + c = 1, 
0.10 s; a £0.55, 
0.25 <; b <; 0.55, 
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o <; c £ 0.5, 
0 <; e <; 0.3, 

5 0£f£ 0.15c, 

g = h = 1/2, 
n = 0, 

10 

with the proviso that if A is a trivalent metal and B is not a hexavalent metal or if A is a divalent metal and B is a pentav- 
alent metal, g is 1/3 and h is 2/3, and n is 1 when A is Mg and B is Nb. 

A specific preferred example of the tertiary PZT is lead magnesium niobate wherein A is Mg, B is Nb, g is 1/3, and 
h is 2/3. 

75 The PZT film comprising lead magnesium niobate incorporated therein as a third component, if sol-gel method is 
used, is represented, e.g., by the composition formula 

Pt>(mg 1 / 3 Nb2A3)o.2 Zr x T "0.8-x C> 3 

20 wherein x represents a number of from 0.35 to 0.45. 

The PZT film, binary or tertiary, may comprise a slight amount of Ba, Sr, La, Nd, Nb, Ta, Sb, Bi, W, Mo, Ca, etc. 
incorporated therein to have improved piezoelectric characteristics. In particular, the tertiary PZT preferably comprises 
Sr or Ba incorporated therein in an amount of not more than 0. 1 0 mol-% to have improved piezoelectric characteristics. 
Further, the tertiary PZT preferably comprises Mn or Ni incorporated therein in an amount of not more than 0.10 mol- 
25 % to have improved sinterability. The third component may be partly replaced by a fourth component. In this case, as 
the fourth component there may be used one of the foregoing third components. 

The PZT film may be strongly oriented in (100) plane or either (111) plane or (100) plane besides the foregoing 
planes. The crystalline structure of the PZT film is a tetragonal which is strongly oriented in (001) plane. 

30 EXAMPLE 3 

The process for the preparation of the thin piezoelectric film element having the foregoing structure will be 
described in connection with the drawings. Figs. 6 (a) to (c) are sectional views illustrating the various steps in the proc- 
ess for the preparation of the foregoing thin piezoelectric film element. 

35 In the step shown in Rg. 6 (a), a silicon substrate 10 is subjected to thermal oxidation to form a silicon oxide film 
1 1 thereon to a thickness of from about 0.3 to 1 .2 urn Subsequently, a titanium oxide film 1 1 A was formed on the silicon 
oxide film to a thickness of from about 0.005 to 0.04 juun by sputtering method. 

Subsequently, a lower electrode 12 made of platinum was formed on the titanium oxide film to a thickness of from 
about 0.2 to 0.8 um In the step shown in Fig. 6 (b), a PZT film 14 was formed on the lower electrode formed in the step 

40 shown in Fig. 6 (a) to a thickness of from about 0.5 to 3.0 um The process for the preparation of PZT film will be 
described with reference to sputtering method and sol-gel method. 

EXAMPLE 3-1: Preparation of PZT film by sputtering method 

45 A PZT precursor film made of amorphous or pyrochlore phase was formed on a substrate by RF magnetron sput- 
tering method with a sintered PZT having a specific composition as a sputtering target at a substrate temperature of not 
higher than 200°C in a 1 00% Ar gas atmosphere. 

Subsequently, the precursor film was heated so that it was crystallized and sintered. The heating is preferably 
effected by two stages in an atmosphere of oxygen (e.g., oxygen or a mixture of oxygen and an inert gas such as 

so argon). 

In other words, in the first heating step, the amorphous precursor film was heated to a temperature of from 500°C 
to 700°C in an atmosphere of oxygen so that it was crystallized. The first heating step may be completed at the time 
when the precursor film is uniformly crystallized. 

Subsequently, in the second heating step, the crystal grains thus produced were allowed to grow, and the sintering 
55 of the crystal grains to each other was accelerated. In some detail, the precursor film which had been crystallized in the 
first heating step was heat to a temperature of from 750°C to 1 ,200°C. The heating was effected until the grain boundary 
of the crystalline is present almost perpendicular to the surface of the lower electrode 1 4 and the relationship between 
the vertical width and the horizontal width of the crystal grains is from not less than 1/10 to not more than 1/3 as calcu- 
lated in terms of the ratio of horizontal width to vertical width. 
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In this manner, on the lower electrode was formed a PZTfilm made of a polycrystalline substance wherein the grain 
boundary is present almost perpendicular to the surface of the lower electrode (Y direction in Fig. 5), the vertical (Y 
direction in Fig. 5) width of the crystal grains is greater than the horizontal (X direction) width of the crystal grains and 
the relationship between the vertical width and the horizontal width of the crystal grains is from not less than 1/1 0 to not 
s more than 1/3 as calculated in terms of the ratio of horizontal width to vertical width. 

The first heating step may be immediately followed by the second heating step. Alternatively, the first heating step 
may be followed by cooling to room temperature which is in turn followed by the second heating step. 

In the first and second heating steps, any heating furnace may be used so far as the PZT film 15 is formed by the 
precursor film having the foregoing structure. A heating furnace having a great temperature rising rate is preferably 
10 used. For example, a lamp annealing furnace is preferably used. In the first and second heating steps, the temperature 
rising rate is preferably not less than 50°C/fcec. , more preferably not less than 1 00*C/sec. 

Fig. 7 shows a preferred composition range of PZT film (or PZT target) in the case where a PZT precursor film is 
formed by sputtering method. In this case, as the third component there is used Pb(Mg 1/3 Nb2^)0 3 among those repre- 
sented by the foregoing genera! formula (I): PbCAgB^Oa. This composition range corresponds to the region surrounded 
is by A, B, C, D, E and F in Fig. 7. 

Supposing PbZr0 3 : PbTi0 3 : PbfMg^Nb^Oa = a : b : c, a, b and c, if represented in mol-%, are present in a 
region surrounded by A', B\ C, D\ E f and P: H 

A': (45, 55, 0) 
20 B': (50, 50, 0) 

C: (25, 25, 50) 
D': (10, 40, 50) 
E': (10, 45, 45) 
P: (35, 45, 20) 



25 



30 



35 



40 



In other words, a is from not less than 1 0 to not more than 50, h is from not less than 20 to not more than 55 and 
c is from not less than 0 to not more than 50. This range is a preferred range included in the range defined with refer- 
ence to the general formula (I). 

The significance of the definition of the border (C-B) shown right in Fig. 7 will be described hereinafter 
It was found that if the content of PbTi0 3 is greater than that of PbZrO s , a columnar f iim can be fairly formed by 
sputtering. 7 

*u F ^ er A!V e l ?° rder (D - E - F " A ) shown ,eft ln Fi 9- 7 is defined to obtain a high piezoelectric strain constant (not less 
than 100 pC/N). Moreover, the border (D-C) shown upper in Fig. 7 is defined to avoid a fear that the stability of the 
device may be deteriorated when the Curie temperature is close to room temperature. When the Curie temperature is 
exceeded, the piezoelectric element cannot fully exhibit its piezoelectric characteristics. Further, the region of the com- 
position represented by the foregoing formula (I) is shown in Fig. 15. 

EXAMPLE 3-2: Preparation of PZT film by sol-gel method 

This preparation process comprises dehydrating a hydrated complex of a hydroxide of a metal component capable 
offorming a PZTfilm, i.e., sol to make a gel which is then calcined to prepare an inorganic oxide. Two such preparation 
processes will be described. These sol-gel methods are almost the same as Examples 1 and 2 but will be again 
described in detail. ... . 

45 (Process 1) 

a. Step of forming sol composition into film 

In an embodiment of the present invention, the sol of the metal component constituting the PZT film can be pre- 
pared by hydrolyzmg an alkoxide or acetate of a metal capable of forming a PZT film with, e.g., an acid. In the present 
invention, the composition of the metals in the sol can be controlled to obtain the foregoing composition of the PZTfilm 
In other words, an alkoxide or acetate of titanium, zirconium, lead or other metal components may be used as a startina 
material. ' * 

The present example is advantageous in that the composition of the metal components constituting the PZT film is 
almost maintained until it is finally formed into a PZT film (thin piezoelectric film). In other words, there arises an 
extremely small change in the metal content, particularly lead content, due to evaporation during calcining and anneal- 
ing. Accordingly, the composition of the metal components in the starting material coincides with that of the metal com- 
ponents in the PZT film finally obtained. In other words, the composition of the desired gel is determined depending on 
the piezoelectric film to be produced (PZT film in the present example). 
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In the present example, in order to obtain a PZT film having excess content ol the foregoing lead component, it is 
preferred that the sol contains the lead component in an amount of 20 mol-%, preferably 15 mol-% more than the value 
stoichiometrically required. 

In the present example, the sol is preferably used in the form of a composition mixed with an organic high molecular 
5 compound. This organic high molecular compound absorbs residual stress of the thin film during drying and calcining 
to effectively prevent the thin film from being cracked. In some detail, the use of a gel containing this organic high molec- 
ular compound makes it possible to form pores in the gelated thin film described later. It is thought that these pore, 
absorb residual stress of the thin film during the pre-annealing step and annealing step described later. 

Examples of the organic high molecular compound which may be preferably used in the present invention include 
w polyvinyl acetate, hydroxypropyl cellulose, polyethylene glycol, polyethylene glycol monomethyl ether, polypropylene 
glycol, polyvinyl alcohol, polyacrylic acid, polyamide, polyamino acid, acetyl cellulose and derivative thereof, and copol- 
ymer thereof. 

In the present example, the incorporation of polyvinyl acetate makes it possible to form a thin porous gel film having 
many pores with a diameter of about 0.05 \itn0 formed therein. Further, the incorporation of hydroxypropyl cellulose 
15 makes it possible to form a thin porous gel film having pores with a size of not more than 0. 1 fxm and a wide distribution 
formed therein. 

In the present example, as the polyethylene glycol there may be preferably used one having an average molecular 
weight of from about 285 to 420. As the polypropylene glycol there nay be preferably used one having an average 
molecular weight of from about 300 to 800. 
20 In the preparation process according to the present example, this sol composition is applied to a lower electrode 
on which a PZT film is to be formed (see Fig. 6 (b)). The coating method is not specifically limited. Any common method 
such as spin coating method, dip coating method, roll coating method and bar coating method may be used. Alterna- 
tively, any printing method such as f lexography, screen printing and offset printing may be used. 

The thickness of the film thus formed by coating is preferably controlled such that the thickness of the thin porous 
25 gel film formed in the gelation step described later reaches not less than 0.01 \xm, more preferably from 0.1 to 1 \im, 
taking into account the subsequent steps. 

Subsequently, the sol composition thus applied is spontaneously dried or heated to a temperature of not higher 
than 200°C The sol composition may be further applied to the film thus dried (heated) to add to the thickness of the film. 
In this case, the film to which the sol composition is further added is preferably dried at a temperature of not lower than 
30 80°C. 

b. Step of gelling the film of sol composition 

Subsequently, the film obtained in the foregoing step of forming a sol composition into a film is calcined to form a 
35 thin porous gel film made of an amorphous metal oxide substantially free of residual organic substances. 

The calcining is effected at a temperature high enough to gel the film of sol composition and remove organic sub- 
stances from the f ilm for a period of time long enough to do so. 

In the present example, the calcining temperature is preferably from 300°C to 450°C, more preferably from 350°C 
to 400°C. The calcining time depends on the temperature and the type of the furnace used but preferably is from about 
40 10 to 120 minutes, more preferably from about 15 to 60 minutes, if a degreasing furnace is used. Further, if a hot plate 
is used, the calcining time is preferably from about 1 to 60 minutes, more preferably from about 5 to 30 minutes. In this 
manner, a thin porous gel film was formed on the lower electrode. 

c. Pre-annealing step 

45 

Subsequently, the thin porous gel f flm obtained in the foregoing step b is heated and calcined so that it is converted 
to a film made of a crystalline metal oxide. The calcining is effected at a temperature required to convert the thin porous 
gel film to a film made of a crystalline metal oxide. However, the calcining doesn't need to be effected until perovskite 
accounts for the majority of the crystal. The calcining may be completed at the time when the thin gel film is uniformly 
so crystallized. 

In the present example, the calcining temperature is preferably from 400°C to 800°C, more preferably from 550°C 
to 750°C. The calcining time depends on the calcining temperature and the type of the furnace used but preferably is 
from about 0.1 to 5 hours, more preferably from about 0.5 to 2 hours, if an annealing furnace is used. Further, if RTA 
(Rapid Thermal Annealing) furnace is used, the calcining time is preferably from 0.1 to 10 minutes, more preferably 
55 from 1 to 5 minutes. 

In the present example, the pre-annealing step is effected by two stages. In some detail, pre-annealing is effected 
at a temperature of from 400°C to 600°C at a first step, and then at a temperature of from 600°C to 800°C at a second 
step. More preferably, pre-annealing is effected at a temperature of from 450°C to 550°C at a first step, and then at a 
temperature of from 600°C to 750°C at a second step. In this step, the thin porous gel film was converted to a film made 
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d. Repeating step 
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(Process 2) 
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c\ Pre-annealing step 
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d\ Repeating step 

Subsequently, the steps f and £ are repeated at least once. In other words, in this step, the steps a and b are 
repeated at least once to form a laminate of thin porous gel films which is then calcined to convert it to a film made of 
5 a crystalline metal oxide. This step is further repeated once or more times. In this manner, a laminate of a plurality of 
crystalline metal oxide films is formed. The various conditions used in the repeated steps & b and £ are the same as 
mentioned above. 

The thickness of the laminate obtained in this repeating step £ may be properly determined taking into account the 
thickness of PZT film 15 finally formed but is preferably such that no cracking occurs during the subsequent step 
10 described later (step £). 

In this repeating step, a new thin porous gel film was formed on the film previously formed, and then pre-annealed. 
As a result, the newly formed thin porous gel film was substantially integrated with the film previously formed. The sub- 
stantially integrated film is defined as mentioned above. 

The patterning for forming a thin piezoelectric film element or the formation of the upper electrode 16 is preferably 
75 effected at this step. 

Subsequently, the step e was effected. As a result, on the lower electrode 1 4 was formed a PZT film made of a poly- 
crystalline substance the grain boundary is present almost perpendicular to the surface of the lower electrode 14, the 
vertical width of the crystal grains is greater than the horizontal width of the crystal grains, and the relationship between 
the vertical width and the horizontal width of the crystal grains is from not less than 1/10 to not more than 1/3 as calcu- 
20 lated in terms of the ratio of horizontal width to vertical width. 

Subsequently, in the step shown in Fig. 6 (c), aluminum is sputtered onto the PZT film obtained in the step shown 
in Fig. 6 (b) to form an upper electrode 1 6 to a thickness of from about 0.2 to 1 .0 fxm. 

In this manner, a thin piezoelectric film element shown in Fig. 2 was obtained. The PZT film 14 thus obtained was 
found to have no cracking. The PZT film was also found to have no laminated discontinuous planes present in a section. 

25 

EXAMPLE 4 

The thin piezoelectric film element according to Example 3 (Invention 1) and a thin piezoelectric film element having 
the same structure as Invention 1 except that the grain boundary of the crystalline constituting the PZT film is not 
present almost perpendicular to the surface of the lower electrode (Comparison 1) were measured for piezoelectric 
strain constant (pC/N). As a result, the piezoelectric strain constant of Invention 1 was 150 pC/N. The piezoelectric 
strain constant of Comparison 1 was 100 pC/N. 

As a result, it was confirmed that Invention 1 exhibits a higher piezoelectric strain constant than Comparison 1 . For 
the measurement of piezoelectric strain constant, the specimen (2 mm<|> dot pattern) was measured for dielectric con- 
stant by means of an impedance analyzer and for piezoelectric output coefficient (voltage generated on the dot pattern 
when the free end of a cantilever is under load). The piezoelectric strain constant was calculated by the product of die- 
lectric constant and piezoelectric output coefficient. A SEM photograph illustrating a section of the PZT film in Compar- 
ison 1 is shown in Fig 8. A SEM photograph illustrating the plane of the PZT film of Fig. 8 is shown in Fig. 9. Invention 
1 showed little warping or distortion and hence a good external appearance. 

Example 3 has been described with reference to the case where PZT film is prepared by sputtering method or sol- 
gel method. It goes without saying that the present invention is not limited to this case and other preparation processes 
may be used so far as a PZT film having such a structure that the grain boundary of the crystalline exists almost per- 
pendicular to the surface of the lower electrode can be formed. 

Further, Example 3 has been described with reference to the PZT film wherein the grain boundary of the crystalline 
is present almost perpendicular to the surface of the electrode, the vertical width of the crystal grains is greater than the 
horizontal width of the crystal grains and the relationship between the vertical width and the horizontal width of the crys- 
tal grains is from not less than 1/10 to not more than 1/3 as calculated in terms of the ratio of horizontal width to vertical 
width. However, any PZT film may be used so far as the grain boundary of the crystalline is present almost perpendic- 
ular to the surface of the electrode. 

EXAMPLE 5 

Fig. 10 is a scanning electron microscope (SEM) photograph illustrating a section of a lower electrode constituting 
another embodiment of the thin piezoelectric film element. In the present example, the difference from Example 4 will 
ss be described. Like reference numerals are used and detailed description is omitted where the constitutions and steps 
are the same as those of Example 3. 

The thin piezoelectric film element according to the present example differs from that of Example 3 in the structure 
and preparation process of the lower electrode. In other words, the lower electrode of the thin piezoelectric film element 
according to the present example is made of a compound of platinum with titanium oxide (platinum: 99% by weight; tita- 
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The process tor the preparation of the lower electrode having such a structure will be desCTtoed 
PZT JSL°2i. a ™' C JT" |S< »: 2 ewrtiwl for the adhesion between the lower electrode 12 and the 
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A Si substrate having a thickness of 400 \ur\ and a diameter of 3 inch was washed with sulfuric acid, and then 
heated at a temperature of 1 ,000°C in an oxygen atmosphere containing water vapor for 4 hours so that it was wet-oxi- 
dized to form a thermally oxidized Si film having a thickness of 1 \im. Subsequently, a Ti film and a Pt film were contin- 
uously sputtered onto the thermally oxidized Si film to a thickness of 200 A and 2,000 A, respectively, by dc magnetron 
5 sputtering method. Further, with a sintered PZT having a controlled composition as a sputtering target, a piezoelectric 
precursor film was sputtered onto the Pt film to a thickness of 1 jim by RF magnetron sputtering method- The precursor 
film thus obtained was amorphous because it had been sputtered without being heated. 

The Si substrate on which the precursor film had been formed was then heated in an oxygen atmosphere in a dif- 
fusion furnace so that the precursor film was crystallized and sintered to form a piezoelectric film. In this heat treatment, 
io the material was heated at a temperature of 600°C at a first heating step until it was crystallized, and then sintered at a 
temperature of 750°C at a second heating step. The average diameter and surface density of the pores in the piezoe- 
lectric film can be well adjusted by controlling the Pb composition ratio in the amorphous film, the temperature at the 
first heating step and the temperature at the second heating step. If the Pb content in the amorphous film is great, both 
the pore diameter and surface density tend to increase. If the temperature at the second heating step is high or the 
is heating time is long, the pore diameter tends to increase. 

A Pt film was further sputtered onto the piezoelectric film to a thickness of 2,000 A by dc magnetron sputtering 
method. Finally, the material was processed as shown in Fig. 1 to give a piezoelectric element having a desired shape. 

Piezoelectric elements having different average pore diameters were prepared by changing the foregoing prepara- 
tion conditions. The generation of cracking in the piezoelectric f ilm and the leakage of electricity between the upper and 
20 lower electrodes were as set forth in Table 3. 

For the observation of pores, the sample was broken. The section thus developed was then observed by a scan- 
ning electron microscope (SEM). 



Table 3 



Average pore diameter 


Cracking 


Electricity leakage 


0 (no pore was observed) 


presence 


presence 


0.02 


absence 


absence 


0.05 


absence 


absence 


0.08 


absence 


absence 


0.15 


absence 


presence 


0.3 


absence 


presence 



The surface density of the pores in the samples shown in Table 3 were predetermined to a range of from 1 to 2%. 
40 For the measurement of electricity leakage, a sample having a circular upper electrode having a diameter of 2 mm 
formed thereon was used. A 1 00 V voltage was applied across the upper and lower electrodes. It is thought that cracked 
samples are liable to leakage of electricity at the cracked area. 

As a result, it was found that when the average pore diameter is from 0.01 to 0. 1 pm, an actuator which shows nei- 
ther cracking nor electricity leakage can be obtained. 
45 The reason for this mechanism is thought as follows. In some detail, a piezoelectric material undergoes phase tran- 
sition that changes the crystal structure at its Curie temperature. The heat treatment temperature at which crystalliza- 
tion occurs is higher than Curie temperature. Accordingly, when the temperature of the piezoelectric film, if it is too 
denser cools to room temperature, it cannot absorb the resulting distortion and thus undergoes cracking. 

Further, the thermal expansion coefficient of the piezoelectric material is relatively greater than that of the silicon 
so substrate. Accordingly, if the piezoelectric film cannot absorb the thermal stress of the silicon substrate, it can undergo 
cracking. 

In other words, it is preferred that the piezoelectric material has some pores formed therein to absoito distortion and 
stress, making it possible to obtain a film that undergoes no cracking. 

On the other hand, if the pore diameter exceeds the above defined range, the piezoelectric film is subject to the 
55 effective application of a greater electric field and thus can be destroyed due to leakage. 

The product was also subjected to accelerated durability test in the form of piezoelectric element. For this test, a 
30 V pulse voltage having a duty of 10% and a frequency of 10 KHz was applied across the upper and lower electrodes. 
The change in the displacement of the tip of the piezoelectric element was determined. 

As a result, the piezoelectric element showed a repeated durability of not less than 2 x 10 9 times if its average pore 
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nmT^H^f TJ" ^°i m - " thS aVSra9e "** diameter was from more «»" 005 to not ™*e than 0.1 
urn. the d.splacement showed a drop by the time when the repeated durability reached 2 x 10* times. 

EXAMPLE 7 

nJ^-rS 0 6dUre °!- Example _ 6 was ,o,l0wed to PW» an actuator except that the surface density of pores was 
eSes^S^ 



70 



/5 



20 



Table 4 



Pore surface 
density (%) 


Cracking 


Electricity leakage 


0.2 


presence 


presence 


0.5 


absence 


absence 


1,0 


absence 


absence 


2.5 


absence 


absence 


3.5 


absence 


presence 


5.0 


absence 


presence 



30 



35 



40 



45 



0 07?m TfrLMrf ^ °! ^TiHL^ SamP ' eS S6t forth m Tab,e 4 were determined to a range of from 0.03 to 
J/ r6SUl ' rt was ,0und that an actuator havin 9 a pore surface density of from 0.3 to 3% which undergoes 

tToLo;S n f ^ eaka9 K °L f - ? "5 156 ° btained - ' f ^ ^ Surface densi * exceeds t^ above defined range. 
thep.ezoelectnc film is subject to the effective application of a greater electric field and thus can be destroyed due to 

The product was also subjected to accelerated durability test in the form of piezoelectric element The test condi- 
ESZi^ST "VS* in EXamP ' e 1 ^ 3 ~* the ^electric element showed a repeal durabS^t 
5E£ ™~ 2!T^ ^ denSity WaS 001 m ° re th3n 1 % " ,f the P OTe surfac e den£ty was from more than 

times d.splacement showed a drop by the time when the repeated durability reached 2 x 10 9 

In Examples 6 and 7. a Si substrate was used as a substrate. However, a ceramic substrate made of maanesia 

SZmZF^J ^ ™ V bS US8d - 11,989 9Xamp,es have been described •» ^ce toTe ^sTS a 
S Z H T ' S "eed as a piezoelectric film. However, it is of course desirable that the material of the piezoelectric film is 
SSZSTT 9 * the Purpose. For example, in the case of an ink jet receding head described later, the piezoe 
(HSU J> y T£ e " 8 t9rtiary PZT having 3 ^ P 01 " 1 01 not ,ower ft an 200-C that can provide a high p°t 
asSc^'p^nf ' ^ Preferab ' y 8 tertary PCToom P risi "fl ,ead "Wtan niobate incorporated theretn 

ir^L^^ i,lustra to d witn reference to a unimorph type actuator. However ; -as riai^ th^presenT- 
ZS^1 M f?^ t0 3 T tyPe aCtUat °r. This bimorph type actuator is symmetrical about the lower 
20^uJper dSroS ^ " * 1 ° 1 "* ^ piez0e,ectric ,i,ms " Shown at reference numerals 1 03 and 



so 
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(Embodiment 3) 

III. An ink jet recording apparatus equipped with the foregoing thin piezoelectric film element will be described here- 

Sl£ 3 t5 ? iC8 ' ' 9t r9COrdin9 head iS Showa R 9- 1 4 shows one * ** reservoirs of an ink jet 

recording head comprising a thin piezoelectric film element of the present invention as a vibrator 

22 fomfJ^^f T dm9 hS8 5 °° T iS6S 3 Si ' iCOh SUbStrate 21 havin9 an ink reservoir tonned therein, a vibrating plate 
22 formed on ttie silicon substrate 21. a lower electrode 23 formed on the vibrating plate 22 at adesired position a thin 
piezoelectric film 24 formed on the lower electrode 23 at a position corresponding To the ink rese^J 27 £up£r J£ 

SSSLtTS ° n t 9 ? 9 f e,9CtriC ,i,m 24 ' and 8 Second substrate 26 ^nded to the towe^rfa* XJ! 
substrate 21 . The substrate 26 has an ink jetting nozzle 26A connected to the ink reservoir 27 

KlTkiet^iS SIT Str f ^ *SF? d in the for " 0in9 ^"to' 68 - 80 is the «" Piezoelectric film 24. 
in the ink jet recording head, an ink is suppl.ed into the ink reservoir 27 through an ink passage (not shown) In 
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operation, when a voltage is applied to the thin piezoelectric film 24 across the lower electrode 23 and the upper elec- 
trode 25, the piezoelectric film 24 deforms to raise the pressure in the ink reservoir 27 and hence press the ink. The rise 
in the pressure causes the ink to be jetted through a nozzle (not shown). Thus, ink jet recording is conducted. 

The ink jet recording head comprises the foregoing thin piezoelectric film element having excellent piezoelectric 

5 characteristics as a vibrator and thus can jet an ink at a high pressure. 

In some detail, the piezoelectric film was photoetched to have a pattern having a width of 0.2 mm and a length of 
4 mm. The silicon substrate was anisotropically etched to form a groove having a width of 0.3 mm. After forming the 
upper electrode, the piezoelectric film and a glass-made second substrate are joined to form an ink passage. The pie- 
zoelectric film was cut together with the substrate to assemble an ink jet head. The ink jet head was then subjected to 

io ink jetting test. As a result, it was found that the ink jet head has a sufficient injection power. The ink jet head was then 
mounted in an ink jet recording apparatus. When printing was effected, a good print quality was obtained. 

Further, the recording head comprises a single-crystalline silicon substrate chip having a thin piezoelectric film ele- 
ment composed of a lower electrode, a piezoelectric film and an upper electrode integrally formed by a thin f Dm process 
on a thermally oxidized Si film as a vibrating plate and a cavity (in reservoir) formed therein, and a stainless nozzle plate 

75 (second substrate) having a nozzle for jetting an ink, bonded to each other with an adhesive. In order to maximize the 
displacement, the piezoelectric film was made of a tertiary PZT having lead magnesium niobate as a third component 
as a material having a high piezoelectric strain constant d31 . The thickness of the piezoelectric film was 2 jim. A piezo- 
electric film having in its section pores having an average diameter of from 0.01 to 0. 1 urn and a surface density of from 

0. 3% to 5% exhibits a reliability of 5 years when used with an actual ink jet recording head. The piezoelectric film was 
20 then subjected to durability test. When the piezoelectric film was then subjected to ink jetting test, no print problems 

occurred even after 4 x 1 0 9 time repetition. 

A piezoelectric film formed by photoetching can provide a high precision printing. Further, since such a substrate 
can form many elements per sheet, the cost can be reduced. Moreover, the production stability and reproducibility of 
characteristics are excellent. In other words, the use of the thin piezoelectric film element of the present invention 
25 makes it possible to prepare an ink jet recording head that can provide high density recording in a high yield at a simple 
production process. 

The thin piezoelectric film element of the present invention can find wide application because of its good character- 
istics. For example, it may be used as a vibrating plate for ink jet recording head as mentioned above. 

As have been mentioned above, the thin piezoelectric film element of the present invention comprises a thin PZT 
30 film having an optimum crystal orientation and thus can exhibit improved piezoelectric characteristics. 

In the thin piezoelectric film element of the present invention, the grain boundary of the crystalline constituting the 
thin piezoelectric film element is present almost perpendicular to the surface of the electrode. Thus, the thin piezoelec- 
tric film element can exhibit an enhanced piezoelectric strain constant without causing cracking. As a result, a thin pie- 
zoelectric film element having a high reliability and a high performance can be provided. 
35 Further, this effect can be enhanced by making the vertical width of the crystal grains greater than the horizontal 
width of the crystal grains. This effect can be even further enhanced by predetermining the relationship between the 
vertical width and the horizontal width of the crystal grains within the foregoing range. 

Moreover, the lower electrode can be made of a compound of platinum with an oxide of the metal element.consti- 
tuting the piezoelectric film to prevent the substrate from being warped or distorted during heat treatment in the forma- 
40 tion of the piezoelectric film. In this arrangement the adhesion of the lower electrode with the piezoelectric film and 
substrate can be enhanced. 

Further, this effect can be enhanced by arranging the grain boundary of the crystalline constituting the lower elec- 
trode present almost perpendicular to the surface of the piezoelectric film. This effect can be even further enhanced by 
making the vertical width of the crystal grains constituting the lower electrode greater than the horizontal width of the 
as crystal grains. 

Further, the thin piezoelectric film element of the present invention can be easily produced without being cracked 
even its thickness is as relatively great as not less than 0.5 urn. Thus, the thin piezoelectric film element of the present 
invention can provide a high density ink jet recording head in a high yield. When subjected to repeated durability test as 
an actuator to see the displacement, the thin piezoelectric film element of the present invention exhibits a good repro- 
50 ducrbility. 

Moreover, the ink jet recording head of the present invention comprises the foregoing thin piezoelectric film element 
as a vibrator and thus can inject an ink at a high pressure. 

While the invention has been described in detail and with reference to specific embodiments thereof, it will be 
apparent to one skilled in the art that various changes and modifications can be made therein without departing from 
55 the spirit and scope thereof. 

Claims 

1 . A thin piezoelectric film element comprising a metal film formed on a substrate and a thin PZT film comprising lead 
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^SSL h SSi a tni ? I com P onent incorporated therein formed on said metal film, wherein said thin PZT film 
5E£2?SK ST"* *** ** 0 ° 0) Mentati0n * n0t 1685 than 30% as d **"^ ^ X-raT 

2. The thin piezoelectric film element according to Claim 1, wherein said thin PZT film is formed by sol-gel method. 

3 " ^u^lS" fi ' m e,ement aCC ° rdin9 10 ° laim 2 ' " h " h «" ■« «W« of said thin PZT fiim is lead 

4 " SlJI*i£T£? C f n l 6 " 16 "* aCCOrdin9 10 C,aim 3> Wherein said thin PZT ,i,m * •«* of 
PD(Mg 1/ 3ND 2 y3) 02 Zr x Tio.5. x 0 3 wherein x is from 0.35 to 0.45. 

5 ' SeZX" 1 e ' ement aCCOrdin9 10 C,aim 2 ' ^ the mo,ar rati0 01 Zl ™ fe from not .ess than 35/45 

6 * ^cSeTr^ir^lS^'r "^^P^"** film made of a polycrystalline substance and an upper 
electrode and a lower electrode arranged wrth said piezoelectric film interposed therebetween wherein said *U 
talhne substance constituting said piezoelectric film is formed almost pe* endicu.a, tTZ^^JS 2c- 

7. The thin piezoelectric film element according to Claim 6. wherein the grain boundary of said crystalline consti**™ 
sard piezoelectric film is formed almost perpendicular to the surface 2 said elSSes. °^ 9 

8 ' The r i 1^ i !f°! le f iC fHm e,ement accordin 9 to Claim 7. wherein the crystalline structure of said piezoelectric film 
rs a mombohedral system which is strongly oriented in either or both of (111) plane and 000?planf 

^SSSS^J^S aCCOrdin f 10 ^ 10, Wher6in thS r6lati0nShip between * e vertical widtn «■ 

12. The thin piezoelectric film element according to Claim 7, wherein said lower electrode is made of a compound of 
platrnum wrth an ox.de of the metal element constituting sard piezoelectric film. compound of 

1 3 ' pi "°t' ectric film element acceding to Claim 12. wherein said oxide is at least one selected from the arouo 

S^^ 1 *: zirconium oxide - magnesium oxide and niobium oxide P 

"^S^SST^ to . ^^^inboundaryof the^rystel.ine consttuting Z 
sara lower electrode is present almost perpendicular to the surface of said piezoelectric film. " 

1S " i^Hi^f e, , e ^l fi ' m e ' ement aC0O,ding t0 C ' aim 14 ' wnerein vertical ^ the crystal grains constrtut- 
■ng sad lower electrode ,s greater than the horizontal width of the crystal grains constituting said lower elSroT 

16 ' r/h^^T e !2 ri< ;!i; m elSment aCCOrdin9 to Claim 1S " " herein the Unship between the vertical width and 
of^T? ^ ? thS "J** 9rainS «««*«n8 ^d lower electrode is from not less than 1/1 0 to no^ mo/e than 
1/3 as calculated in terms of the ratio of horizontal width to vertical width. 

17 * 22£2^^ made of a Crystalline substance and an upper 

5 f n , 96d 89,01 P ,ez °e"ectric film interposed therebetween, wherein said lower 
electrode ,s made of a compound of platinum with an oxide of the metal element constituting said piezoelSricZ 

18 " ^lESS* 10 ,i ' m i l ! ment aCCOrdin9 *° Claim 17 - wherein * e 9' ain boun dary of the crystalline substance 
constituting said lower electrode is present almost perpendicular to the surface of said piezoelectric film 
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1 9. The thin piezoelectric film element according to Claim 1 8, wherein the vertical width of the crystal grains constitut- 
ing said lower electrode is greater than the horizontal width of the crystal grains constituting said lower electrode. 

20. The thin piezoelectric film element according to Claim 19, wherein the relationship between the vertical width and 
5 the horizontal width of the crystal grains constituting said lower electrode is from not less than 1/1 0 to not more than 

1/3 as calculated in terms of the ratio of horizontal width to vertical width. 

21 . The thin piezoelectric film element according to Claim 1 7, wherein said oxide is at least one selected from the group 
consisting of titanium oxide, lead oxide, zirconium oxide, magnesium oxide and niobium oxide. 

10 

22. The thin piezoelectric film element according to Claim 1 7, wherein said piezoelectric film is made of a binary or ter- 
tiary lead zircotitanate. 

23. A thin piezoelectric film element comprising a piezoelectric film made of a polycrystalline substance having a thick- 
is ness of from 0.5 to 25 pm and two electrodes arranged with said piezoelectric film interposed therebetween, 

wherein said piezoelectric film has pores incorporated therein and said pores have an average diameter of not less 
than 0.01 \lw and a surface density of not less than 0.3%. 

24. The thin piezoelectric film element according to Claim 23, wherein said pores have an average diameter of not 
20 more than 0. 1 u,m and a surface density of not more than 5%. 

25. The thin piezoelectric film element according to Claim 24, wherein said piezoelectric film is made of a binary PZT 
(lead zircotitanate) or a tertiary PZT comprising said binary PZT having a third component incorporated therein. 

25 26. The thin piezoelectric film element according to Claim 25, wherein said third component is lead magnesium nio- 
bate. 

27. A process for the preparation of a piezoelectric film element which comprises forming a thin PZT film comprising 
lead zircotitanate having a third component incorporated therein on a substrate having a metal film formed thereon 

30 by sol-gel method, wherein the heat treatment temperature of said thin PZT film is from 800°C to 1 ,000°C. 

28. The process for the preparation of a piezoelectric film according to Claim 27, wherein the molar ratio of Zr/Ti is from 
not less than 35/45 to not more than 45/35. 

35 29. In a process for the preparation of a thin piezoelectric film element comprising a thin PZT film formed on a sub- 
strate, the improvement which comprises: 

a first step of forming a metal film on a substrate; 

a second step of sputtering a PZT precursor onto said metal film in an atmosphere free of oxygen; and 
40 a step of heat-treating said precursor film to form a PZT crystal. 

30. The process for the preparation of a thin piezoelectric film element according to Claim 29, wherein the composition 
of the PZT target in said second step is composed of PbZr0 3 , PbTi0 3 and PbfAgBhP^ which satisfy the following 
relationships: 

45 

a + b + c=1, 
0.10 sa<; 0.55, 

so 0.25 £ b <; 0.55. 

0 £ c £ 0.5. 

supposing PbZr0 3 : PbTi0 3 : Pb(AgB h )0 3 = a : b : c (molar ratio) wherein A represents a divalent metal selected 
55 from the group consisting of Mg. Co, Zn. Cd, Mn and Ni or a trivalent metal selected from the group consisting of 
Y Fe, Sc, Yb, Lu, In and Cr; and B represents a pentavalent metal selected from the group consisting of Nb, Ta and 
Sb or a hexavalent metal selected from the group consisting of W and Te, with the proviso that if A is a trivalent 
metal and B is not a hexavalent metal or if A is a divalent metal and B is a pentavalent metal, g is 1/3 and h is 2/3; 
and A and B are preferably Mg and Nb, respectively. 



19 



BNSDOCID: <EP 0764Q92A1 J_> 



EP0 764 992 A1 



10 



15 



20 



25 



30 



31 . The Process for the preparation of a thin piezoelectric film element according to Claim 30, wherein a, b and c if rep- 
resented in mol-%, are present in a region surrounded by A\ B\ C, D\ E' and F: 

A': (45, 55, 0) 
B'; (50, 50, 0) 
C': (25. 25, 50) 
D': (10. 40, 50) 
E': (10, 45, 45) 
F: (35. 45, 20) 

32. The process for the preparation of a thin piezoelectric film element according to Claim 6, wherein said PZT film con- 
ttoI^hips Sa,d PieZ ° e,eCtriC fHm iS ^P 08 ^ of Pb2r °3. p t>Ti0 3 and PbfAgBhJOa which satisfy the following rela- 

a + b + c = 1, 
0.10 <;a<s 0.55, 
0.25 £ b <: 0.55, 

0 <: c <> 0.5, 

supposing PbZr0 3 : Pb710 3 : PbfAgB^Oa = a : b : c (molar ratio) wherein A represents a divalent metal selected 
from the group consisting of Mg. Co, Zn, Cd. Mn and Ni or a trivaient metal selected from the group consisting of 
Y Fe, Sc Yb. Lu, In and Cr; and B represents a pentavalent metal selected from the group consisting of Nb, Ta and 
Sb or a hexavalent metal selected from the group consisting of W and Te, with the proviso that if A is a trivaient 
metal and B is not a hexavalent metal or if A is a divalent metal and B is a pentavalent metal, g is 1/3 and h is 2/3- 
and A and B are preferably Mg and Nb. respectively. 

33. The process for the preparation of a thin piezoelectric film element according to Claim 32, wherein a, b and c if rep- 
resented in mol-%, are present in a region surrounded by A\ B\ C, D\ E' and F: 



A': (45, 55, 0) 
B': (50, 50, 0) 
35 C*: (25, 25, 50) 

D': (10, 40, 50) 
E*: (10. 45, 45) 
F: (35, 45, 20) 
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34. An inkjeti recording head comprising a substrate having an ink chamber formed therein, a vibrating plate sealinq 
one end of said ink chamber and having a deflection vibrating mode thin piezoelectric film element fixed on the sur- 
-Il^ST ™* 1 nOZ2,e P |ate sea,in 9 ^e other end of said ink chamber and having an ink jetting nozzle port 
formed thereinrwherein said thin piezoelectric film element is made of a thin piezoelectric film element accortfng 
to any one of Claims 1 to 26 or Claim 31. ^;„:- J~™ y 
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